The solution structure of the 48-kDa IIA Man -HPr complex of the mannose branch of the Escherichia coli phosphotransferase system has been solved by NMR using conjoined rigid body/torsion angle-simulated annealing on the basis of intermolecular nuclear Overhauser enhancement data and residual dipolar couplings. IIA The bacterial phosphoenolpyruvate:sugar phosphotransferase system (PTS) 1 provides a signaling network whereby free energy generated from phosphoryl transfer between successive members of the pathway is transduced to drive the uptake of carbohydrates across the cytoplasmic membrane (1-4). The initial phosphorylation steps from phosphoenolpyruvate to enzyme I, and subsequently to the histidine phosphocarrier protein, HPr, are common to all branches of the pathway. The subsequent phosphorylation steps involve sugarspecific enzymes II, which fall into four major families (glucose, mannitol, mannose, and lactose/chitobiose), that bear no sequence and, in the majority of cases, no structural similarity to one another (2-4). The functional organization, however, of the enzymes II is similar; there are two cytoplasmic domains, IIA and IIB, and a transmembrane sugar permease domain, IIC (and in some instances, IID as well), which may or may not be covalently linked to one another. The protein-protein complexes within the PTS are generally weak and have proved refractory to crystallization. These complexes, in which proteins are able to recognize multiple and structurally diverse partners using similar interaction surfaces, provide a paradigm for understanding the structural basis of protein-protein interactions. In a series of papers, we have reported the solution structures of the enzyme I (N-terminal domain)-HPr complex (5), the two soluble complexes of the glucose branch of the PTS (IIA Glc -HPr (6) and IIA Glc -IIB Glc (7)), and the IIA Mtl -HPr complex of the mannitol branch (8). In the present work, we extended these studies to the solution structure determination of the 48-kDa dimeric IIA Man -HPr complex from the mannose branch of the PTS.
residual dipolar couplings (RDCs) and intermolecular nuclear Overhauser enhancements (NOEs) (18, 19) .
EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of IIA
Man -E. coli chromosomal DNA was used as the template to amplify, by PCR, the region corresponding to the A domain (IIA Man ) of the soluble IIAB Man component of the mannose transporter (11) . The forward PCR primer 5Ј-AAGGAGGTAGCATATGACCATTGCTA-3Ј), spanning the region from bases 363 to 388 (NCBI accession number J02699), contained an engineered NdeI site (underlined); the reverse primer 5Ј-TGGTGCTGCG-GCAGCGGATCCTGGCTATTATTTTTCAACCGGTTT-3Ј, spanning the region from bases 813 to 769, contained an engineered BamHI site (underlined) and a tandem pair of in-frame termination codons (italics). This PCR product was designed to express a peptide encoding amino acid residues Thr-1 to Lys-136 preceded by an N-terminal methionine. The NdeI-and BamHI-cut PCR product was purified and cloned into the corresponding sites of the expression vector pRE1. The selected clone was verified by DNA sequencing. The expression vector was shown to express a protein of the expected size. IIA Man was then subcloned into a modified pET32a vector engineered to express wildtype IIA Man (residues 1-136) without a fusion partner or any additional residues. The recombinant plasmid pSP100 for HPr expression (20) was likewise subcloned into a modified pET32a vector engineered to express wild-type protein (residues 1-85) without a fusion partner or any additional residues.
The recombinant IIA Man and HPr plasmids were introduced into E. coli BL21(DE3) cells for protein expression and induced at an A 600 nm ϳ1 with 1 mM isopropyl-␤-D-thiogalactopyranoside. Cells were grown in either Luria-Bertani medium, for unlabeled proteins, or in minimal medium (with either H 2 O or D 2 O, depending on the isotope-labeling scheme) supplemented as appropriate with 15 ]␣-ketobutyrate, to generate various isotopically labeled samples. The latter three carbon sources were used to generate (Ile/ Leu/Val)-methyl-protonated (but otherwise fully deuterated) 13 Clabeled protein (21) . Two samples of each protein were produced: 
Purification of IIA
Man
-After induction, cells were pelleted, resuspended in 100 ml (per 1 liter of culture) of 20 mM sodium phosphate buffer, pH 7.0, 50 mM NaCl, and 1 mM EDTA, and lysed by three passages through a microfluidizer. The supernatant solution was loaded onto a DEAE-Sepharose anion exchange column in 20 mM sodium phosphate, pH 7.0, and 50 mM NaCl and eluted with a 50-mM to 0.7-M NaCl gradient. The pooled peak containing IIA Man was concentrated and passed through a Superdex-75 gel filtration column equilibrated with 20 mM sodium phosphate, pH 7.0, and 200 mM NaCl. The pooled fractions containing IIA Man were then diluted 1:3 with 20 mM sodium phosphate buffer, pH 7.0, loaded onto a Mono Q anion exchange column, and eluted with a 0 -1 M NaCl gradient. Finally, the buffer was exchanged into NMR buffer containing 40 mM sodium phosphate, pH 6.5.
Purification of HPr-Harvested cells were resuspended into 30 ml (per 1 liter of culture) of 6 M guanidinium chloride, 20 mM Tris, pH 8.0, and lysed by sonication. The pellet was spun out and the supernatant solution dialyzed against 20 mM Tris, pH 8.0, and 150 mM NaCl. The pelleted precipitate was then discarded and the supernatant solution subjected to 20% ammonium sulfate precipitation. The resulting supernatant solution was subjected to 80% ammonium sulfate precipitation. The pellet was dissolved in 8 ml of 20 mM Tris, pH 7.5, 200 mM NaCl, and 2 mM EDTA and fractionated on a Superdex-75 gel filtration column in the same buffer. The fractions containing HPr were pooled and exchanged into the NMR buffer (40 mM sodium phosphate, pH 6.5).
NMR Spectroscopy-All complexes (in 40 mM sodium phosphate buffer, pH 6.5, and either 90% H 2 O/10% D 2 O or 100% D 2 O) for NMR were prepared using 1:3 molar ratios in binding sites (0.4 -0.5 mM to 1.2-1.5 mM) with the unlabeled protein in excess. Almost all experiments carried out on complexes with isotopically labeled IIA Man NMR spectra were collected at 35°C on Bruker DMX500, DMX600, DRX600, DMX750, and DRX800 spectrometers equipped with either x,y,z-shielded gradient triple resonance probes or z-shielded gradient triple resonance cryoprobes. Spectra were processed with the NMRPipe package (22) and analyzed using the programs PIPP/CAPP/STAPP (23) .
Sequential and side-chain assignment of free IIA Man was performed using three-dimensional triple resonance through-bond scalar correlation experiments (three-dimensional HNCACB, CBCA(CO)NH, HB-HA(CBCACO)NH, C(CCO)NH, H(CCO)NH, and HNCO) in conjunction with three-dimensional 15 N-, 13 C-, 13 C/ 13 C-, and 15 N/ 15 N-separated NOE experiments (24 -26) . Assignments of free HPr, derived from three-dimensional double and triple resonance experiments, were taken from our work published previously (5, 20) and from Williams and Clore.
2 Assignments of IIA Man and HPr in the complex were based on the free assignments (minimal chemical shift changes) together with data from three-dimensional HNCO and HNCA triple resonance correlation experiments and three-dimensional 13 C-, 13 C/ 13 C-, and 15 N-separated NOE experiments. Intermolecular NOEs were recorded on saturated complexes with one partner 15 N/ 13 C-labeled and the unlabeled component in 3-fold molar excess of binding sites using three-dimensional 13 C-separated/ 12 C-filtered NOE experiments (26) . Side-chain torsion angle restraints were derived from 3 J NC␥ and 3 J CЈC␥ coupling constants measured using quantitative J correlation spectroscopy (27) in conjunction with short mixing time three-dimensional 13 C-separated NOE spectra (26) . The tautomeric states of the active site histidines were confirmed using a long-range heteronuclear single quantum coherence correlation spectrum (28) .
Residual Structure Calculations-NOE-derived interproton distance restraints were classified into loose approximate distance ranges of 1.8 -2.7, 1.8 -3.5, 1.8 -5.0, and 1.8 -6.0 Å corresponding to strong, medium, weak, and very weak NOE cross-peak intensities, respectively; an additional 0.5 Å was added to the upper distance bound of distance restraints involving methyl groups (0.5 Å/methyl group). NOEs involving non-stereospecifically assigned methyl, methylene, and aromatic protons were represented by a (⌺r Ϫ6 ) Ϫ1/6 sum (26). The error range employed for 1 torsion angle restraints (represented by square well potentials) was Ϯ20°when a unique rotamer could be identified and Ϯ80°when the torsion angle could be narrowed down to two of the three rotamers.
Structures were calculated using conjoined rigid body/torsion anglesimulated annealing (8, 19) with the program Xplor-NIH (32) . The minimized target function comprises the experimental NMR restraints (NOE-derived interproton distances, torsion angles, and residual dipolar couplings), a quartic van der Waals repulsion term for the nonbonded contacts (33) , a torsion angle data base potential of mean force (34) , and a radius of gyration restraint to ensure optimal packing (35) . The latter was applied as two restraints, each comprising one molecule of HPr and both subunits of IIA Man . In addition, non-crystallographic symmetry restraints were applied to ensure that the calculated dimer was fully symmetric.
Best-fitting of the measured RDCs to the crystal structures of free HPr (Protein Data Bank accession code 1POH; 2 Å resolution (17)) and IIA Man (Protein Data Bank accession code 1PDO; 1.7 Å resolution (14)) was carried out by singular value decomposition (SVD) using the program SSIA (36) . Structure figures were generated using the programs VMD-XPLOR (37), RIBBONS (38) , and GRASP (39) . Reweighted atomic probability density maps were calculated as described previously (40) .
RESULTS AND DISCUSSION
Binding of HPr to IIA
Man -HPr binds to IIA Man with a stoichiometry of two HPr molecules per IIA Man dimer. The interaction is in fast exchange on the chemical shift time scale, and from a maximum chemical shift perturbation of ϳ600 Hz (for the backbone amide proton of Ser-72) at a 1 H frequency of 600 MHz, one can deduce that the lifetime of the complex must be less than ϳ250 s (i.e. Ͻ Ͻ1/2⌬ max , where ⌬ max is the maximum observed chemical shift perturbation in Hz). A plot of the chemical shift changes for a number of residues as a function of the molar ratio of HPr to IIA Man subunits is shown in Fig. 1 ; a simultaneous non-linear least squares fit to all the data yields an equilibrium dissociation constant of 28.4 Ϯ 0.5 M.
The Man (see below), indicate that there are no significant perturbations in the backbone coordinates upon complexation within the limits of the NMR method.
Structure Determination-The structure was determined using conjoined rigid body/torsion angle dynamics (8, 19) primarily on the basis of intermolecular NOE data derived from threedimensional 13 C-separated/ 12 C-filtered NOE experiments and RDCs measured in a liquid crystalline medium of polyethylene glycol/hexanol. These data were supplemented by intramolecular NOE and 3 J coupling constant data related to the interfacial side chains. In this approach, the coordinates for the backbone and non-interfacial side chains of the two proteins, taken from the crystal structures of free IIA Man (14) and HPr (17) , are treated as rigid bodies that are free to rotate and translate, whereas the interfacial side chains are given full torsional degrees of freedom. The intermolecular NOE-derived interproton distance restraints provide semi-quantitative translational and orientational information, whereas the 1 D NH backbone RDCs (acting in concert, because the backbone conformations are fixed) provide highly accurate, quantitative orientational restraints (18, 41) . An example of the quality of the intermolecular NOE data is shown in Fig. 2 .
In the case of a weak complex with a 1:1 binding stoichiometry, it is a simple matter to obtain samples in which the uniformly, isotopically 15 N-and/or 13 C-labeled partner is fully bound by ensuring the presence of a suitable excess of the unlabeled partner (5, 6, 8) . RDCs for the complex are then measured on the labeled partner, and two samples are employed, with isotope labeling of one partner in one sample and the other partner in the second sample. Under such conditions, the alignment tensors describing the RDCs measured on both samples relate to the same complex and are therefore identical. The situation in the case of the IIA Man -HPr complex, however, is more complicated because IIA Man is a dimer with two equivalent binding sites for HPr. Because the equilibrium dissociation constant for the complex is relatively weak (ϳ28 M), it is not feasible to obtain a sample in which both HPr and IIA Table I . A superposition of the backbone for the final ensemble of 100 simulated annealing structures is shown in Fig. 3A , and a reweighted atomic probability density map (40) for selected interfacial side chains is displayed in Fig. 3B .
Overall Description of the Complex-Two views of a ribbon diagram representation of the 48-kDa IIA Man -HPr complex are shown in Fig. 4, A and B. IIA Man is a symmetric, chain-swapped dimer with two symmetrically placed HPr binding sites on either side of the dimer. Each binding site is located at the interface of the two subunits, which form a relatively deep groove (ϳ18 Å in length, 10 Å in width, and 6 Å in depth) on the surface of the IIA Man dimer (Fig. 4, C and D) . The total accessible surface area buried at each binding site is 1450 Å 2 , of which 710 Å 2 originates from IIA Man and 740 Å 2 from HPr. The interaction between IIA Man and HPr predominantly involves helix-helix contacts (Fig. 4, E and F) , specifically between helices ␣1 (residues 16 -28) and ␣2 (residues 47-52) of HPr (henceforth, the use of italics for residue numbering refers specifically to HPr) and helices ␣1 (residues [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] each other (interhelical angle at about Ϫ70°) with contacts between the N-terminal end of the former and the C-terminal end of the latter. Helix ␣2 of HPr is oriented antiparallel to helix ␣4 (interhelical angle ϳ136°) and parallel to helix ␣5 (interhelical angle ϳ21°) of IIA Man . Contacts occur along the full-length of helix ␣2 of HPr, but because it is so short, contacts are limited to the N-terminal end of helix ␣4 and the C-terminal end of helix ␣5 of IIA Man . The second subunit of IIA Man (denoted as subunit A and colored blue in the figures) contributes the active site His-10, located in the turn (residues 9 -12) between strand ␤1 and helix ␣1; the loop (residues 35-41) connecting strand ␤2 and helix ␣2; and the N-terminal end of helix ␣3 (residues 72-81). The latter is involved in an endto-end interaction with the N-and C-terminal ends of helices ␣1 and ␣2, respectively, of HPr.
The IIA Man -HPr Interface-A stereoview of the interface is shown in Fig. 5A , a summary of the intermolecular contacts in Fig. 5B , and surface representations in Fig. 5, C and D (Fig. 5B) . The interface is predominantly hydrophobic in nature, with 59% of the atoms being non-polar and 41% polar. The hydrophobic residues are located at the center of the interface surrounded by a partial ring of polar uncharged residues on top and a partial outer ring of charged residues at the bottom, negatively charged in the case of IIA Man (Fig. 5C ) and positively charged for HPr (Fig.  5D) . It is interesting to note that, excluding the charged residues located exclusively at the periphery of the binding site, the bottom half of the interaction surface is predominantly hydrophobic, whereas the top half is predominantly polar. In the case of the binding site on IIA Man , the majority of hydrophobic residues originate from subunit B, whereas the polar ones, including the active site His-10, are predominantly from subunit A. There are a number of potential electrostatic and hydrogenbonding (direct or water mediated) interactions that presumably contribute to the specificity of the interaction and serve to orient HPr relative to IIA Man . The three negatively charged residues at the bottom end of the binding surface of IIA e The intermolecular repulsion energy is given by the value of the quartic van der Waals repulsion term calculated with a force constant of 4 kcal ⅐ mol Ϫ1 ⅐ Å Ϫ4 and a van der Waals radius scale factor of 0.78. The intermolecular Lennard-Jones van der Waals interaction energy is calculated using the CHARMM19/20 parameters and is not included in the target function used to calculate the structures. The percentage of residues present in the most favorable region of the Ramachadran map (50) is 96.4% for the x-ray structure of IIA Man (Protein Data Bank Code 1PDO) and 93.3% for the x-ray structure of HPr (1POH) and 96.4%.
Man
f Defined as the average r.m.s. difference between the final 100 simulated annealing structures and the mean coordinates. The value quoted for the complete backbone provides only a measure of the precision with which the orientation and translation of the two HPr molecules relative to the IIA Man dimer have been determined and does not take into account the accuracy of the x-ray coordinates of IIA Man and HPr. The latter is likely to be around 0.3 Å judging from the crystallographic resolution and R-factors.
( Fig. 5C) (46) , which belong to the IIA Man family of enzymes II permeases, reveals conservation of Asn-75, Glu-100, and Asp-106, suggesting that the electrostatic interactions described above involving these three residues may play an important role in specificity.
Comparison of Other HPr Complexes with PTS Proteins-We have previously solved the structures of the enzyme I N-terminal domain (EIN)-HPr (5), IIA
Glc -HPr (6), and IIA Mtl -HPr (8) complexes. The buried accessible surface area at the proteinprotein interface for the complexes with members of the three different families of enzymes II are comparable, ranging from 1365 Å 2 for the IIA Glc -HPr complex (6) to 1450 Å 2 for both the IIA Mtl -HPr (8) and IIA Man -HPr complexes (current work). The buried accessible surface area of these complexes is ϳ25-30% smaller than that at the interface of the EIN-HPr complex (5). The interaction surfaces are similar on HPr in all four complexes although somewhat more extensive in the case of the EIN-HPr complex. However, the structural elements comprising the interaction surfaces on the partner PTS proteins are very different. In the cases of EIN (5) and IIA Man , the binding surface is either entirely or predominantly helical, respectively. For IIA Glc , it is mainly ␤-sheet (6), and for IIA Mtl , there is a mix of sheet and helices (8) . Although the binding surface on IIA Man is composed largely of helices (Figs. 4 and 5) , it differs in two Man and His-15 of HPr, from the restrained regularized mean structure are shown in purple. B, isosurface of the reweighted atomic density probability map (40) for selected side chains drawn at a value of 25% maximum calculated from the 100 simulated annealing structures. The color scheme used in A is also used for the atomic probability density map grid. The backbone of the restrained regularized mean structure is shown as a tube with the same color scheme as in A, and the side-chain coordinates within the atomic density map are colored on the basis of atom type (cyan, carbon; blue, nitrogen; and red, oxygen). Residues of HPr are labeled in italics.
significant aspects with regard to that of EIN. First, the binding surface on IIA Man originates from two separate subunits, whereas that on EIN is derived from the helical domain of a two-domain single-chain protein. (Note, however, that the active site histidine on EIN is located on the ␣/␤ domain and represents the only site of close proximity on that domain to HPr.) Second, the disposition of the interacting helices of EIN is quite different from that in IIA Man . A comparison of the orientation of the interacting helices of EIN and IIA Man relative to helices ␣1 and ␣2 of HPr is shown in Fig. 6 , where it is clear that the helices of IIA Man are approximately orthogonal to those of EIN. Despite the considerable differences in the underlying structural elements, the shape and composition of the interaction surfaces for HPr on IIA Man , EIN, IIA Glc , and IIA Mtl are broadly similar. In addition, it is interesting to note that the cluster of negative residues at the bottom of the interaction surface on IIA Man (Fig. 5) (11) . As in all other PTS complexes, the transition state involves a pentacoordinate phosphoryl group in a trigonal bipyramidal geometry (47, 48) . To model the phosphoryl transition state, we used a strategy similar to one described previously (5) (6) (7) (8) , in which conjoined rigid body/cartesian coordinate restrained minimization is applied to the restrained regularized mean coordinates of the complex subject to geometric restraints related to the phosphoryl group in conjunction with all of the experimental NMR Glc and has been shown to be critical for phosphoryl transfer. In both the IIA Man -HPr and IIA Mtl -HPr complexes, however, the guanidino group of Arg-17 is exposed to solvent, and it is largely the hydrophobic portion of the side chain that participates in intermolecular interactions.
The nucleophilicity of His-10 is increased by an intramolecular hydrogen-bonding interaction between the N-␦1 atom of His-10 A and the carboxylate of Asp-67 A (Fig. 7B) . The phosphoryl group is hydrogen-bonded to the hydroxyl group of Thr-16 and the backbone amides of Thr-16 and Arg-17 on the HPr side and to the hydroxyl group of Ser-72
A and the backbone amide of Ser-72 A on the IIA Man side (Fig. 7B ). In addition, the positive helix macrodipoles (49) at the N terminus of helix ␣3 of IIA Man and helix ␣1 of HPr serve to partially neutralize the negatively charged phosphoryl group. The importance of the hydroxyl group of Ser-72 is supported by mutation of Ser-72 to Cys, which reduces the activity of IIA Man to only 6% of wild type (13) , and by the observation that the hydroxyl group is preserved in the form of Ser or Thr in the related enzymes IIA sorbose and IIA fructose . Concluding Remarks-In this study, we have solved the solution NMR structure of the 48-kDa IIA Man -HPr dimeric complex. RDCs were critical to accurately orient both HPr to IIA Man and the two bound HPr molecules to each other. Because binding is relatively weak, the dipolar couplings for HPr in a 1:2 IIA Man (dimer)-HPr complex had to be back-calculated from the RDCs measured on free HPr and a sample containing an excess of HPr over IIA Man . This procedure, however, still results in accurate RDCs for the bound state of HPr. This accuracy is evidenced by both the low dipolar coupling R-factor for the back-calculated RDCs when they were best-fitted to the coordinates of the crystal structure of free HPr and by the coincidence of the magnitude and rhombicity of the back-calculated alignment tensor with those of IIA Man , derived directly from the RDCs measured on IIA Man fully saturated with HPr. Although the structure of the unphosphorylated IIA Man -HPr complex was solved (phosphorylated histidine in the context of a phosphoryl transfer complex is too labile to permit structural studies), an associative phosphoryl transition state complex could readily be modeled on the basis of the structure with minimal shifts in atomic coordinates, limited to the active site histidines and the immediately adjacent residues on either side. Thus, phosphoryl transfer can proceed with maximum energetic efficiency without any significant conformational changes in either partner protein.
The interaction surface on HPr for IIA Man is similar to and overlaps considerably with that used by HPr to recognize three other members of the PTS, enzymes I, IIA Glc , and IIA Mtl , for which complexes with HPr have been solved previously (5, 6, 8) . Despite the fact that the underlying structural elements composing the interaction surface for HPr on IIA Man are entirely different from those on EIN, IIA Glc , and IIA Mtl (either in terms of secondary structure or the arrangement of the various secondary structural elements), the interaction surfaces for HPr on all four proteins have a number of features in common. These include general shape, residue composition, and overall spatial disposition of hydrophobic, hydrophilic, and charged residues. The interaction surfaces, however, are not identical and allow for considerable redundancy of interactions, which is a critical element in permitting HPr to specifically recognize so many structurally diverse proteins.
